Thin-film transistors (TFTs) with a bottom-gate configuration were fabricated with an RF magnetron sputtered undoped zinc oxide (ZnO) channel layer and plasma-enhanced chemical vapor deposition (PECVD) grown silicon nitride as a gate dielectric. Postfabrication rapid thermal annealing (RTA) and subsequent nitrous oxide (N 2 O) plasma treatment were employed to improve the performance of ZnO TFTs in terms of on-current and on/off current ratio. The RTA treatment increases the on-current of the TFT significantly, but it also increases its off-current. The off-current of 2 Â 10 À8 A and on/off current ratio of 3 Â 10 3 obtained after the RTA treatment were improved to 10 À10 A and 10 5 , respectively, by the subsequent N 2 O plasma treatment. The better device performance can be attributed to the reduction of oxygen vacancies at the top region of the channel due to oxygen incorporation from the N 2 O plasma. X-ray photoelectron spectroscopy (XPS) analysis of the TFT samples showed that the RTA-treated ZnO surface has more oxygen vacancies than as-deposited samples, which results in the increased drain current. The XPS study also showed that the subsequent N 2 O plasma treatment reduces oxygen vacancies only at the surface of ZnO so that the better off-current and on/off current ratio can be obtained.
Introduction
Zinc oxide (ZnO) is an attractive compound semiconductor material well suited for serving as the channel layer of transparent and flexible thin-film transistors (TFTs) because of its wide band gap energy (3.3 eV at 300 K) and low growth temperature. TFTs based on ZnO have been under intensive research [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] over the years due to their promising applications in the areas of active matrix liquid crystal displays (AMLCDs) as switching devices, transparent electronics, and flexible electronics. ZnO TFTs using different gate dielectrics such as ATO (Al 2 O 3 and TiO 2 ), 11, 12) 19) poly(4-vinyl phenol) and CeO 2 -SiO 2 mixture, 20) Mg-doped Ba 0:6 Sr 0:4 TiO 3 , 21) and (Ba,Sr)TiO 3 22) have been reported in an effort to improve the characteristics of the devices. Furthermore, several approaches have been used to realize a ZnO channel layer, including sputtering, 6, 9, 11, 17, 18) pulsed laser deposition, 22, 23) metal organic chemical vapor deposition, 1) aqueous solution growth, 12) and the combination of sol-gel and chemical bath deposition. 24) However, systems based on ZnO TFTs are not yet available in the commercial market because of issues associated with the ZnO TFTs. The characteristics and device parameters of the ZnO TFTs reported in the literature are found to be dependent on the type of gate dielectric and the ZnO channel formation method employed for realizing the devices. Off-current and on/off current ratio related issues are among other issues confronting the ZnO TFTs. [6] [7] [8] [9] [10] For applications of ZnO TFTs in displays, the off-current of the devices must be low enough for two reasons. Firstly, off-current limits the time for which the video information can remain in a pixel before being refreshed. Secondly, a high off-current results in a poor on/off current ratio leading to problems in switching modulation. To apply ZnO TFTs to flat panel displays, 25) they must have a low off-current and an on/off current ratio higher than 10 6 . In bottom-gated TFTs, the off-current consists of drain-to-source current flow through the undepleted channel region as well as the gate leakage current. To eliminate the undesired drain-to-source current under the off-condition, thinner channel layers have been employed in ZnO TFTs. 3, 5) However, since the crystalline quality of the ZnO materials improves with their thickness, the thinner ZnO channel tends to have more defects, which will affect the carrier mobility and sub-threshold slope of devices.
2,7)
Therefore, developing a technique to eliminate the drainto-source current of ZnO TFTs in the off-state assumes significance.
In this work, we have employed postfabrication rapid thermal annealing (RTA) to improve the on-current, and subsequent nitrous oxide (N 2 O) plasma treatment to obtain a better off-current and a better on/off current ratio of bottomgated ZnO TFTs. To examine the role of oxygen and nitrogen for the better off-current, one set of RTA-treated devices were subjected to N 2 plasma treatments, instead of N 2 O plasma. The device performance improvement was investigated by comparing the electrical characteristics of ZnO TFTs fabricated with various postprocessing techniques. X-ray photoelectron spectroscopy (XPS) analysis was performed to examine the surface modification of the ZnO channel layer due to RTA and N 2 O plasma treatment.
Experimental Procedure

Fabrication of bottom-gated ZnO TFTs
ZnO-based TFTs may be able to replace amorphous silicon (a-Si) TFTs and polycrystalline silicon (poly-Si) TFTs, which are presently used as switching devices in commercial liquid crystal displays (LCDs). Since commercial LCDs use TFTs in a bottom-gate configuration, the same bottom-gated device design was used in our ZnO TFTs. The bottom-gated ZnO TFTs were fabricated on commercially available indium tin oxide (ITO)-coated Corning 1737 glass substrates (Delta Technologies). The ITO (sheet resist-ance = 4 -8 /Ã) is 200-nm-thick and it acts as the gate electrode. The substrates were ultrasonically cleaned with acetone, methanol, and deionized water. ITO gate electrodes were defined by standard photolithography and a wet etching using LCE-12k (ITO etchant, Cyantek) at 45 C. Next, a 200-nm-thick silicon nitride gate dielectric layer was deposited by plasma-enhanced chemical vapor deposition (PECVD) using SiH 4 , NH 3 , and N 2 gases. The silicon nitride growth parameters such as the flow rate of SiH 4 /NH 3 /N 2 , pressure, power, and temperature were 20/20/600 sccm, 650 mTorr, 30 W and 300 C, respectively. The measured refractive index of the silicon nitride film was 1.85. An undoped ZnO channel layer, with a thickness of 250 nm, was then grown by radio frequency (RF) magnetron sputtering using a commercially available ZnO target (PureTech) at 350 C. The sputtering was carried out in a mixed ambient of O 2 and Ar (Ar/O 2 ¼ 10=30 sccm) with an RF power of 100 W and a working pressure of 4 mTorr. The distance between the substrate and the target was 7 cm. The Hall mobility and carrier concentration of the undoped ZnO channel layer could not be measured using our Hall measurement system due to its high electrical resistivity. The grown ZnO channel was subsequently patterned by conventional photolithography and an etching using HCl : HNO 3 : H 2 O (4 : 1 : 200). Source and drain contacts comprising Ti/Pt/Au (20/30/150 nm) were deposited by e-beam evaporation, and patterning was accomplished by lift-off techniques. Finally, vias for contact to the gate electrode were established by standard photolithography and the plasma etching of silicon nitride with CF 4 /O 2 gas mixtures. It may be noted here that the ZnO TFTs were not passivated with any dielectric film to protect the ZnO channel layer. However, the fabricated devices can be passivated after the processing steps, such as RTA and plasma treatments employed in the present work to improve the performance of ZnO TFTs. A schematic cross-sectional view and a scanning electron microscopy (SEM) top view of the fabricated TFTs are shown in Figs. 1(a) and 1(b), respectively. The channel width (W) and length (L) of the fabricated TFTs were 200 and 20 mm, respectively. The fabricated devices were postprocessed by RTA and N 2 O plasma treatments to improve the device performance. For comparative studies, devices postprocessed by RTA and N 2 plasma treatments were also fabricated. The electrical characteristics of the ZnO TFTs were measured using a semiconductor parameter analyzer (HP-4155A). The XPS analysis of the ZnO TFT samples was carried out using a MultiLab 2000 X-ray photoelectron spectrometer (Thermo Electron).
Results and Discussion
Effect of rapid thermal annealing
on I-V characteristics The as-fabricated TFTs exhibited currents only in the picoampere range due to the low electron concentration in the ZnO channel layer. To increase the conductivity of the ZnO channel and to obtain a better current level, annealing of ZnO TFTs under N 2 ambient 5, 10, 26) as well as under forming gas ambient 5, 10, 23) has been reported. In the present case, postfabrication rapid thermal annealing of the fabricated ZnO TFTs was performed in the N 2 ambient to increase the conductivity of ZnO films, resulting in the drain current being in the microampere range. The output characteristics, drain current (I D ) versus drain-to-source voltage (V DS ), and the transfer characteristics, drain current (I D ) versus gate-to-source voltage (V GS ), of the TFTs obtained after an RTA at 250 C for 5 min are shown in Figs. 2(a) and 2(b), respectively. From Fig. 2(a) , it can be seen that the on-current is only in the microampere range. Field-effect mobility is one of the important device parameters associated with ZnO TFTs. The field-effect mobility ( FE ) of ZnO TFTs operating in the saturation region can be extracted using the following current equation:
where C i is the capacitance per unit area of the gate insulator and V T is the threshold voltage. The estimated FE of the TFTs is only 0.05 cm 2 V À1 s À1 . Another important device parameter associated with ZnO TFTs is the on/off current ratio. From Fig. 2(b) , it is obvious that the offcurrent is about 10 À10 A and the on/off current ratio is approximately 10 4 . In this case, the off-current is limited by the gate current because the gate current is almost the same as the drain current in the off-state. In order to obtain a better on-current, the devices were further subjected to higher-temperature RTA at 260 C for 5 min, and the characteristics of TFTs obtained are shown in Fig. 3 . The on-current values are higher than that obtained after the annealing at 250 C. The estimated FE and the on/off current ratio of the TFTs are 0.46 cm 2 V À1 s À1 and 10 4 ,
(b) respectively. From Fig. 3(b) , it is clear that the off-current (3 Â 10 À9 A) is higher that the gate current (10 À10 A). This indicates that the off-current is not limited by the gate current. Now, the off-current is due to the current flow in the undepleted region of the ZnO channel. As shown in Fig. 4 , the on-current values further improved to about 55 mA at the bias condition V GS ¼ V DS ¼ 40 V after an annealing at 270 C. The estimated FE of the TFTs is 0.88 cm 2 V À1 s À1 . Even though the field-effect mobility in the present case is relatively low, it can be improved further using a highrefractive-index silicon nitride gate. We have very recently reported that ZnO TFTs using PECVD silicon nitride with a high refractive index of 2.45 exhibited a field-effect mobility as high as 8 cm 2 V À1 s À1 . 27) From the transfer characteristics shown in Fig. 4(b) , it can be seen that the off-current is about 10 À8 A and the on/off current ratio is only about 3 Â 10 3 . Considering that the gate current is only about 10 À10 A, it is clear that the off-current is not caused by the gate leakage current but by the current flow in the undepleted region of the ZnO channel. Since oxygen vacancies act as shallow n-type dopants in ZnO materials, [28] [29] [30] the increase in currents with RTA temperature can be attributed to the generation of more oxygen vacancies and this is confirmed by the XPS data obtained from the RTA-treated TFT samples. The off-current can be reduced by eliminating the oxygen vacancies at the top region of the channel region. Oxygen vacancies can be reduced by subjecting the ZnO TFTs to high-temperature annealing (typically at 450 -700 C 2) and 600 -800 C 31) ) in oxygen ambient.
2,31) Here, we used N 2 O plasma at a relatively low temperature of 200 C to reduce oxygen vacancies. For ZnO TFTs, it is vital to control the carrier concentration of the channel layer at a low level, for example, <10
14 cm À3 , in order to achieve a low off-current and large on/off current ratios. 32) 3.2 Effect of combined rapid thermal annealing and N 2 O plasma on I-V characteristics In order to examine the effectiveness of N 2 O plasma treatment in improving the off-current, we have subjected the annealed (270 C, 5 min) ZnO TFTs to N 2 O plasma at 200 C for 5 min in a PECVD chamber. As regards the N 2 O plasma treatment conditions, the chamber pressure, RF power, and N 2 O flow rate were 300 mTorr, 20 W, and 300 sccm, respectively. The output and transfer character- Fig. 5(b) , it can be observed that after the N 2 O treatment, the off-current was markedly reduced to about 10 À10 A, and the on/off current ratio improved to higher than 10 5 . Also, it can be concluded from Fig. 5(b) that the off-current of the TFTs after the N 2 O treatment is limited by the gate leakage current with the effective elimination of the drain-to-source leakage current. The improvement of off-current may be due to the incorporation of oxygen into ZnO from the N 2 O plasma, since oxygen vacancies in ZnO material act as ntype dopants. [28] [29] [30] Another possible reason for the improvement of the off-current can be the incorporation of nitrogen into ZnO because nitrogen doping makes ZnO p-type. 33) To investigate the role of nitrogen in the improvement, one set of RTA-treated TFTs was subjected to N 2 plasma, instead of N 2 O plasma.
Effect of combined rapid thermal annealing
and N 2 plasma on I-V characteristics P-type semiconductor properties have been reported in nitrogen-doped ZnO. 33) Therefore, incorporation of nitrogen from N 2 O plasma can make the top region of the ZnO channel less n-type and consequently affect the off-current of TFTs. In the present case, therefore, to see if nitrogen from N 2 O plasma is playing any role in the improvement of on/off current ratio, we have subjected one set of RTA (270 C, 5 min)-treated ZnO TFTs to N 2 plasma under the same plasma conditions as those employed for N 2 O plasma treatment. The transfer characteristics obtained from the TFTs before and after the N 2 plasma treatment are shown in Fig. 6 . It can be seen from Fig. 6 that the devices exhibit essentially the same characteristics, which suggests that the better on/off current ratio obtained after the N 2 O plasma treatment is not due to the nitrogen doping. Therefore, it can be concluded that the incorporation of oxygen into the ZnO channel layer during the N 2 O plasma treatment is the cause of the better off-current and this is confirmed by the XPS results from the N 2 O-plasma-treated TFT samples. Since oxygen vacancies in ZnO material act as n-type dopants, [28] [29] [30] the reduction of oxygen vacancies can decrease the carrier concentration at the top region of the channel, which results in the low off-current. 
XPS analysis of ZnO TFT samples
In order to find out the cause of the improved performance of ZnO TFTs (better off-current and on/off current ratio) following the N 2 O plasma treatment, XPS analysis was carried out on the TFT samples. XPS measurements were performed using a MultiLab 2000 X-ray photoelectron spectrometer (Thermo Electron) with a Mg K X-ray source (h ¼ 1253:60 eV). Three sets of samples, namely, as-deposited samples, RTA-treated samples (270 C, 5 min), and samples subjected to the combined processing of RTA (270 C, 5 min) and N 2 O plasma treatments were analyzed using XPS spectra. The samples used for the XPS study have the same layer structure as those used for fabricating TFTs. The samples were cleaned in-situ for 3 min using argon. Since the energy of the XPS signals was shifted due to the electrostatic charging caused by the use of an insulating glass substrate, the binding energies of O 1s and Zn 2p were calibrated by taking the binding energy of the C 1s peak as reference in XPS. Figure 7(a) shows the XPS spectra of O 1s on the surface of (i) as-grown, (ii) RTAtreated, and (iii) combined RTA and N 2 O plasma treated ZnO samples. The as-deposited sample shows the O 1s peak at 530.56 eV and this energy is assigned to oxygen in the Zn-O bond. [34] [35] [36] [37] [38] In the case of the RTA-treated sample, the O 1s peak shifted to the higher-binding-energy side at 531.27 eV. The shift of the binding energy to the higher value can be due to the increase in the number of oxygen vacancies in ZnO film that should be ionized. [34] [35] [36] [38] [39] [40] In general, an ionized oxygen vacancy in ZnO film donates two electrons to the conduction band, which is mainly responsible for the conductive characteristics of ZnO films. [28] [29] [30] The increased electron density due to the ionized oxygen vacancies move the Fermi level up closer to the conduction band, which results in a decrease in work function. This appears to be the reason why the O 1s peak shifted toward the higher-binding-energy side in the XPS spectrum. Therefore, the higher off-current observed in the electrical characteristics of TFTs subjected to RTA can be ascribed to the increased number of ionized oxygen vacancies near the top surface of the TFTs. After the combined process of RTA and N 2 O plasma treatments, the O 1s peak moved to a lower binding energy position at 529.93 eV. This shows that the combined treatment brings the sample surface condition towards that of the asdeposited sample due to the reduction of oxygen vacancies at the surface of the ZnO. Therefore, the reduction of off-current observed in the electrical characteristics of TFTs subjected to the N 2 O plasma can be attributed to the decreased number of oxygen vacancies near the top surface of the ZnO channel. The Zn 2p 3=2 spectra on the surface of the (i) as-grown, (ii) RTA-treated, and (iii) combined RTA and N 2 O plasma treated samples are shown in Fig. 7(b) .
The as-grown sample shows Zn peaks at 1022.22 eV, and this peak corresponds to crystal lattice zinc from ZnO. 34, 35, [41] [42] [43] After the RTA, the peak moved to a higher binding energy position (1022.80 eV) and this is ascribed to the zinc enrichment situation. 35, 41, 42, 44, 45) The combination of RTA and N 2 O plasma treatments moves the peak positions to a lower binding energy at 1021.43 eV. i.e., the sample surface condition moves closer to that of the as-deposited samples. 
Conclusions
RTA of ZnO TFTs in N 2 ambient increased their oncurrent as well as off-current. On the basis of the XPS data, the increase in the current is due to the increase in the number of oxygen vacancies, acting as shallow n-type dopants. Subsequent N 2 O plasma treatment on the RTAtreated ZnO TFTs improved the off-current and on/off current ratio of the devices by almost two orders of magnitude. As a result of N 2 O plasma treatment, the offcurrent of the TFTs decreased from 2 Â 10 À8 to 10 À10 A and the on/off current ratio increased from 3 Â 10 3 to 10 5 . From the XPS analysis of the TFT samples, it can be concluded that oxygen present in the N 2 O modifies the top region of the ZnO channel layer during the N 2 O plasma treatment. Oxygen vacancies, acting as n-type dopants, near the top region of the ZnO were reduced by the N 2 O plasma treatment, resulting in a low off-current and a high on/off current ratio.
